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Abstract
Background: This study evaluated the effectiveness of treating pseudarthrosis in rats by using bone marrow cell
suspensions or cultures of bone marrow mesenchymal stromal cells
Methods: Thirty-eight specific pathogen-free (SPF) animals were randomly assigned to four groups: Group 1,
Control, without surgical intervention; Group 2 (Placebo), experimental model of femoral pseudarthrosis treated
only with saline solution; Group 3, experimental model of femoral pseudarthrosis treated with heterologous bone
marrow cells suspension; Group 4, experimental model of femoral pseudarthrosis treated with cultures of
heterologous mesenchymal stromal cells from bone marrow. When pseudarthrosis was confirmed by simple
radiological studies, digital radiography and histopathology after a 120-day postoperative period, Groups 2, 3 and 4
were treated as above. At 30, 60 and 90 days after the treatment, all animals were evaluated by simple radiological
studies, and at the end of the experiment, the animals were assessed by computed axial tomography and
anatomopathological and histomorphometric examinations.
Results: Injected cells were detected in the areas affected by pseudarthrosis using scintigraphy within the first 24
hours after their administration. After 60 days, the animals of Group 3 showed callus formation while the animals
of Group 4 presented periosteal reaction and had some consolidated areas. In contrast, Group 2 showed a
predominance of fibro-osteoid tissue. After 90 days, bone consolidation and remodeling was observed in all
animals from Group 3 whereas animals from Group 4 exhibited partial consolidation and those ones from Group 2
persisted with pseudarthrosis.
Conclusion: The treatment with heterologous bone marrow cells suspension proved to be effective in the
treatment of pseudarthrosis whereas cultures of heterologous bone marrow mesenchymal stromal cells did not
show the same potential to aid bone healing.
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Background
The term pseudarthrosis defines the nonunion of a frac-
t u r ew h e nt h eb o n er e p a i rp r o c e s sh a sc e a s e df o ra n y
reason. The lack of union of fractured bone surfaces in
such circumstances results from the presence of fibro-
cartilage or fibrous tissues between the bone extremities
[1]. Other factors that contribute to the persistence of
this problem are the instability of the fracture, the lack
of adequate blood supply and the presence of infection.
The fracture healing process usually begins from a
trauma that results in hematoma formation, followed by
inflammation, angiogenesis, cartilage formation, calcifi-
cation, and bone remodeling with the absorption of the
newly formed callus. The bone consolidation process
requires growth factors, mesenchymal stem cells (MSCs)
and cytokines [2].
To date, there is no optimal technique for the treat-
ment of pseudarthrosis; therefore, surgery is still the
best option [3]. However, cell therapy has become a
promising alternative because it is less invasive than sur-
gery. Thus, stem cells (SCs) have been tested in bone
diseases because of their capacity to self-renew and
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any medium, provided the original work is properly cited.generate differentiated cells to repair specific tissues
[4-6]. Among the various types of bone marrow cells,
adult mesenchymal stem cells (MSCs) have sparked
interest. Their multipotentiality and the techniques
available for their isolation and in vitro expansion have
validated the use of these cells as a therapeutic alterna-
tive with a broad spectrum of applications in cases of
bone fractures and chronic bone lesions [6,7].
The current study evaluated the efficacy of heterolo-
gous bone marrow cells suspension and cultures of het-
erologous bone marrow mesenchymal stromal cells in
the treatment of hypertrophic pseudarthrosis consider-
ing that both types of cells have the ability to generate a
new bone after in vivo transplantation. Cells suspension
has a heterogeneous population which contains all
lineages from the bone marrow including progenitor
and hematopoietic stem cells and also bone marrow
mesenchymal stromal cells. On the other hand cultures
of bone marrow stromal have cells with a stem-cell-like
character. It is still controversial whether bone marrow
stromal cells and so-called mesenchymal stem cells are
the same population [8].
Methods
This study was approved by the Ethics Committee for
the Use of Laboratory Animals in Research of the
School of Medicine of UFRJ, in accordance with the
Brazilian legislation and the NIH Guide for the Care
and Use of Laboratory Animals.
Animals
A total of 38 specific pathogen-free (SPF) male Rattus
norvegicus albinus, aged between four and six months
with an average weight of 250 g, were obtained from the
vivarium of the Experimental Surgery Center at the
School of Medicine of UFRJ. The animals were main-
tained at 25°C and under a photoperiod of 12 hours
(light/dark cycle). They were provided water and pellet
of balanced industrial food ad libitum.
Among the 38 experimental animals, 6 served as donor
of bone marrow cells. The other 32 animals were ran-
domly divided into four groups, each containing eight ani-
mals: Group 1 (Control), without operative procedures,
only observed during the experiment. Group 2 (Placebo),
in which pseudarthrosis was treated with saline solution;
Group 3, in which pseudarthrosis was treated with hetero-
logous bone marrow cell suspension; and Group 4, in
which pseudarthrosis was treated with cultures of hetero-
logous bone marrow mesenchymal stromal cells.
The same anesthetic mixture (10% ketamine,10 mg/kg
and 2% xylazine, 100 mg/kg) was administered intraperito-
neally before the two surgeries conducted for the produc-
tion of pseudarthrosis and the injection of saline solution
(Group 2) or bone marrow cells (Groups 3 and 4).
First surgical intervention
A model of pseudarthrosis previously designed by one of
the authors of this study was used [9]. This model con-
sisted of the following surgical steps: diaphyseal osteot-
omy of the left femur, interposition of a pedicled fascia
lata flap sutured to the distal portion of the semimem-
branosus muscle, transfixion of a 3-0 nylon wire in the
proximal and distal segments, bone alignment of the
two extremities with the aid of a knot tightened onto
the nylon wire and layered closures as the final step
(Figure 1).
After the 120-day postoperative period, in addition to
performing simple radiological studies (using the Helio-
dent 60B device, Siemens, 127 V-60 kV, 10 mA, 50-60
Hz, for 2 seconds), three animals from each group were
painlessly euthanized with an anesthetic overdose (4 ml
of 2.5% sodium pentothal delivered. intraperitoneally).
The area affected by pseudarthrosis was then removed
for analysis with a digital X-ray device (GE Silhouette
®
model, 20 kV, 0.41 mA, for 180 seconds), followed by a
histopathological study with hematoxylin and eosin
stain.
Degree criterion of claudication assessment
The authors adapted some criterion of claudication,
generally used for dogs (Table 1), and classified them
according to 5 degrees of severity (from absence to
severe) [10].
Collection of cell suspensions and cultures of bone
marrow cells
Cells were collected from the femur and tibia of six
donor animals after underwent CO2-induced euthanasia.
The bones were then manually cleaned of muscle tissue
and treated for 30 minutes at 37°C with a 0.125% tryp-
s i ns o l u t i o na n d1m g / m Lo fcollagenase IA (Sigma
Aldrich Co., St. Louis, MO, USA) to remove fibrous tis-
sue. Bone marrow collection was performed by section-
ing the epiphyseal regions and flushing the internal
cavities of the bones with culture medium using dispo-
sable syringes. The obtained cell suspension was filtered
t h r o u g han y l o nm e s hw i t hap o r o s i t yo f1 0 0μma n d
centrifuged at 1,500 rpm for 5 minutes. The cells were
resuspended in low glucose DMEM (Dulbecco’sM o d i -
fied Essential Medium, Hyclone) and quantified in a
hemocytometer. The cell concentration was adjusted,
and 3 × 10
6 cells in 500 μL of DMEM, without fetal
bovine serum (FBS), were injected into animals with 1-
mL syringes. The remaining bone marrow cells,
obtained according to the above described procedure,
were distributed at a concentration of 1 × 10
6/mL in
culture flasks with 25 cm3 of low glucose DMEM con-
taining 15% FBS (Cultilab, Campinas, SP, Brazil) and
antibiotics (100 U/ml penicillin G sodium and 100 μg/
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USA) and incubated at 37°C with 5% CO2 for two or
three days. After this period, any nonadherent cells were
removed by washing the monolayer with phosphate-buf-
fered saline solution (PBS), and the culture medium was
replaced. Cells were maintained in culture until they
reached 70% confluence and expanded up to the third
passage. Cells were cryopreserved in liquid nitrogen at
-140°C until they were needed; at this time, they were
thawed in a 37°C water bath and centrifuged at 1,500
rpm for 5 minutes. Cell viability was determined using
the Trypan Blue Exclusion Test. Each animal received
injections of 3 × 10
6 cells in 500 μL of DMEM.
Second surgical intervention
To access the areas affected by pseudarthrosis in Groups
2, 3 and 4, a 5-cm long longitudinal incisions were made
in the diaphysis of the femur, which was dissected by
layer under strict hemostasis. The fibrous tissues found
on and around the fractured area were excised, and the
medullary canal of both extremities of the femur was
made permeable by making rotational movements with
ah y p o d e r m i cn e e d l e( 2 7m m×8G ) .A n i m a l si n
Groups 3 and 4 received injections of cells suspension
and cultures of mesenchymal stromal cell, respectively,
that were extracted from bone marrow and marked with
technetium-99 m radionucleotide (using the protocol of
the Laboratory of Cell and Molecular Marking of the
Department of Radiology and Nuclear Medicine of Hos-
pital Universitário Clementino Fraga Filho - UFRJ) [11].
These injections occurred in and around the medullary
canals of fracture segments. The same procedure was
conducted in Group 2, but with the administration of
saline solution into the medullary canal.
The fracture was stabilized with the introduction of a
flat intramedullary pin that occupied 50 to 60% of the
diameter of the medullary canal. The surgery was con-
cluded with muscle and skin closures.
Figure 1 Fascia lata (narrow arrow) interpositioned between the aligned bone segments and tied with nylon 3-0 wire (large arrow).
Table 1 Classifications of claudication
Degree Criterion
1 Absence of claudication, full limb support when the animal was in a standing position or during physical activities.
2 Mild claudication after exercise or prolonged decumbency.
3 Sporadic claudication when walking or running and weight relief on the operated limb, even in a standing position.
4 Constant claudication when walking and lack of limb support when running; incomplete support in the orthostatic position.
5 Full or absent support during physical activities or in a standing position.
Source: Adapted from Muzzi (2003)
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the degree of claudication was assessed, and the animals
were classified according to the increasing scale of grav-
ity [9] (Table 1).
At the same time points, all animals of Groups 3 and
4 (bone marrow cells treatments) and Group 2 (placebo)
were submitted to an X-ray examination. All animals
also underwent a CT scan (NewTom 3 G, QR, Italy, 100
μSv) 90 days after the second surgery. The images were
c a p t u r e dw i t hN N Ts o f t w a r ea n da n a l y z e dw i t hD e n t a l
Slice software to observe the line of calcification
throughout each sagittal incision.
Samples of the left femur and the tissues surrounding
the affected areas of pseudarthrosis were collected for his-
topathological analysis. The material was fixed in 10% buf-
fered formalin, decalcified with Allkimia
® and routinely
processed for paraffin embedding. The histological sam-
ples obtained were stained with hematoxylin and eosin
(HE) stain and evaluated using the 10× objective of a
Leica
® DM5000 B binocular optical microscope. A digital
camera attached to the microscope was used to sequen-
tially capture images (10 per slide). Photomicrographs
were analyzed using Image Pro Plus
® 4.5 software (Media
Cybernetics) to quantify at histomorphometry the percen-
tages fibrous tissue of each sample.
Statistical analysis
For the claudication results,t h eM a n n - W h i t n e yU - t e s t
was applied. To analyze the histomorphometric data,
the nonparametric Kruskal Wallis test was applied, fol-
lowed by the Dunn’s test, with the aid of the GraphPad
InStat
® (v. 3.01) software. The results were considered
significant for all p-values under 0.05.
Results
In all animals, except Group 1, claudication reached its
maximum level (with an average score of 5) after the
first surgery, and this maximum level was maintained
for 30 days after the second surgery. Ninety days after
the injection of bone marrow cells, a slight amount of
claudication was observed in Group 3 (grade 2), whereas
in Group 4, it was worse with a constant level of claudi-
cation including both the absence of limb support to
run and incomplete limb support in the standing posi-
tion (grade 3). Group 2 maintained a high degree (grade
4) of claudication. Results in Group 3 were significantly
different than Groups 2 and 4 (p < 0.05).
Plain and digital radiographies performed 120 days
after the first surgery revealed pseudarthrosis formation
as a result of the model used in rats of Groups 2, 3 and
4 (Figure 2). In Groups 3 and 4, twenty-four hours after
treatment, scintigraphies showed an uptake of bone
marrow mononuclear cells in the area of pseudarthrosis
(Figure 3).
In the plain radiological study of the femurs from ani-
mals in Groups 2 and 4 performed 30 days after the sec-
ond surgery, no calcification was detected between the
fractured segments. At the same time point, animals
from Group 3 showed early calcification. After 60 days,
callus formation was detected in Group 3, whereas in
Group 4, there was an intense periosteal reaction with
some consolidated areas. At 90 days after surgery,
Group 3 animals exhibited bone remodeling and callus
absorption, whereas the Group 4 results did not differ
from the results observed at 60 days. In Group 2 ani-
mals, no bone consolidation was observed throughout
the study (Figure 4).
For Group 2, the computed tomography images made
on the sagittal incisions, 90 days after the second sur-
gery, showed an absence of bone halo, unlike Group 3,
in which there was complete bone consolidation repre-
sented by a halo around the entire bone surface in the
previously fractured region (Figure 5). In Group 4 speci-
mens, the halo was incomplete.
The histopathological results obtained 120 days after
the first surgery demonstrated the absence of bone con-
solidation in all animals. Ninety days after the second
surgery, an absence of bone was observed in Group 2,
Figure 2 Plain radiography (A) and digital radiography (B) of the femur of a rat specimen. The white arrows indicate the formation of
pseudarthrosis 120 days after the first surgery. This result was found for all animals in Groups 2, 3 and 4.
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whitish area with a red halo that delineates the concentration of bone marrow mesenchymal cells in this area.
Figure 4 Plain film of the femur 90 days after the injection of saline solution (Group 2, placebo) or stem cells (Groups 3 and 4). The
absence of bone consolidation in Group 2 rats (A) was verified. Group 4 animals (B) had periosteal reactions (yellow arrows) but did not have
bone calluses (white arrow). In Group 3 (C), bone remodeling with callus absorption (arrow) was observed.
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Page 5 of 10bone remodeling was observed in Group 3 and partial
bone consolidation interspersed with a significant
amount of cartilage was detected in Group 4 (Figure 6).
The histomorphometric analyses revealed an increase in
the fibrotic area in Group 2 as compared with Group 3
90 days after the second surgery (Figure 7).
Discussion
Traumas that result in bone fractures trigger a repair
p r o c e s st h a ti sh i g h l ya s s o c i a ted with osteoblast prolif-
eration and substances inhibit the fracture-induced
inflammatory process. As a result of this inflammation,
there is active mitochondrial oxygen consumption and
the production of reactive oxygen species [12]. Under
these circumstances, viable osteoprogenitor cells must
be present to allow for the production of an extracellu-
lar matrix at each stage of bone repair [13].
The mechanism of bone remodeling is not clear, and
there is lack of consensus in the literature. The osteo-
genic lineage, which includes both osteoblasts and
chondroblasts, is derived from a stromal stem cell in the
postnatal organism [14]. However, studies indicate that
agents that induce osteoclasts are necessary to allow this
process to occur in the proper manner [15].
Several methods have been used to treat pseudarthrosis:
decortication or osteoperiosteal scaling, cancellous auto-
grafting, the addition of bone morphogenetic protein, pla-
telet growth factors, callus distraction with external
fixators, vascularized bone graft filling, internal stabiliza-
tion materials (a compression plate, pin or locked reamed
intramedullary nailing), external stabilizers (orthotics or
external fixators), ultrasound, shock waves and electro-
magnetic fields [16-20]. This plethora of options indicates
a lack of consensus on the best method to treat pseudar-
throsis and results in unfitness for work and deformities in
those patients who experience pseudarthrosis, causing
heavy psychosocial and economic burdens for families and
overcrowding in public health stations.
Within the scope of experimental studies, it is very
difficult to reproduce pseudarthrosis bone structures in
Figure 5 Tomographic image of a sagittal section of a femur 90 days after the second surgery. A pseudo-halo formation was detected in
Group 4 animals (A), the consolidation of which was partial; in turn, Group 3 rats (B) had full-halo consolidation around the intramedullary pin,
which represents bone consolidation.
Figure 6 Histological preparations 90 days after the second surgery, HE, using a 10× objective and the scale bar is 100 μm, in groups
2, 3 and 4. G = Groups, NU = nonunion area, CT = cartilage, B = bone. M = medulla. There was no bone consolidation in Group 2. In Group 3,
almost all of the fractured area was filled with bone, with a small area of cartilage interposed. In Group 4, there was partial bone consolidation,
with a significant amount of cartilage in the fracture line.
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accompanied by significant injuries in surrounding tis-
sues and in the bone itself [21,22], creating biases in the
interpretation of results. SPF Wistar rats were chosen
because of their small size and easy handling, which also
applies to the use of intramuscular anesthesia; the exis-
tence of a bony structure covered with a large muscle
mass in the hind limbs, which is comparable to that of
human species; and their reduced susceptibility to
infection.
A reliable model of hypertrophic pseudarthrosis in
animals that was previously developed by the authors
was able to mimic the conditions found in human
beings [9,23]. Pseudarthrosis was detected in all animals
within an acceptable period, without the presence of
infectious foci. The simple bone section without fracture
reduction is not itself sufficient to prevent spontaneous
recovery because there may be calcification even in the
presence of a misalignment in the bone axis [24]. Given
this possibility, the interpositioning of a pedicled fasciae
lata muscle flap was an essential step to ensure success
in obtaining nonunion bone in all cases. Regarding this
matter, no similar descriptions for such surgical techni-
que were found in the literature.
There are other models designed for small and med-
ium-sized animals that reproduce pseudarthrosis, but
these models involve the immediate treatment of frac-
tures with the placement of fasteners; also, some are dif-
ficult to manufacture, expensive and require the
eventual removal of bone segments of different lengths
to artificially create a gap [24-29]. Sometimes such mod-
els also holds for the cauterization or resectioning of the
periosteum [29]. The application of these models to
humans is limited because the mechanism of injury
often creates conditions that are different from these
that occur after a trauma. Furthermore, the areas of
fracture are immediately immobilized without generat-
ing instability and without the interpositioning of fibro-
cartilaginous tissues in the initial phase of the healing
process.
Indeed, in all animals of Groups 2, 3 and 4, the clini-
cal evaluations showed severe claudication and also the
histopathological examinations detected the presence of
fibro-osteoid tissue 120 days after the first surgery, indi-
cating pseudarthrosis. As observed by other authors, the
most significant findings were the absence of endochon-
dral ossification, the prolapse of soft tissue parts and the
closure of the medullary canal [26-28]. These character-
istics were also detected in plain and digital radiological
studies, with the presence of hypertrophic pseudarthro-
sis in all of the animals subjected to femoral fractures.
Cell therapy has generated a great interest in the
design of animal models intended to investigate new
options for the treatment of pseudarthrosis. Recently,
studies have shown that multipotent stem cells can dif-
ferentiate into lineages other than those of the tissue of
origin [30-32]. As of yet, the risks of treatment with
stem cells are poorly understood (e.g., disease transmis-
sion, neoplasia formation, immune responses with rejec-
tion, nidation in unexpected in places, atypical features);
therefore, a priori studies with animal models are essen-
tial [33].
Mesenchymal stem cells (MSCs) are a population of
adult cells firstly described in the bone marrow. From a
Figure 7 The percentages of fibrous tissue formed 90 days after the injection of stem cells or placebo. There was less fibrosis in the
group (G) that received a suspension of bone marrow cells (G3) as compared with Group 2 (G2, placebo). * G2 vs. G3 = p < 0.05.
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into osteoblasts is fundamental for the organization and
repair of bone tissues [31]. Most clinical trials involving
stem cell therapy have used mesenchymal cells derived
from bone marrow [33].
T h ep r e s e n c eo fc e l l u l a re l e m e n t so fb o n em a r r o w ,
including vascular growth factors, is important in pro-
moting angiogenesis and essential for bone regeneration
[34,35]. Tissue revascularization facilitates the transfor-
mation of pluripotent cells into osteoblasts and those
cells that cross the fracture lines enable primary Haver-
sian remodeling [5,18,36]. For this reason, care was
taken not only to revive the edges of the wound by
removing fibrotic tissues in and around the area of
pseudarthrosis but also to recanalize the medullary
region, leaving about 50 to 60% of the diameter of this
canal free.
The recovery of functional osteoblasts from MSCs is a
widely used technique in tissue engineering and cell
therapy. A study conducted by Iida and colleagues invol-
ving more than 300 rats and the use of in vitro autolo-
gous mesenchymal cultures for bone reconstruction
after surgical excision revealed that MSCs have an
osteogenic potential [37].
The vast majority of studies involving mesenchymal
stem cells are performed in vitro. Although the biology
of these cells in culture is fairly well known, the same is
not true for fractured bones under in vivo conditions
[38,39].
MSCs can be grown in in vitro cultures and differen-
tiated into osteocytes, chondrocytes or other cells [40].
To achieve good quality regenerative processes, at least 2
×1 0
6 cells must be transplanted, which can be accom-
plished without the need for culturing MSCs [40,41].
However, other studies on bone regeneration argue that
osteogenesis can be benefited by techniques that concen-
trate osteoprogenitor cells [42]. Osteoprogenitor cells
derived from the mesoderm and mesenchymal cells have
a mitotic capacity and produce growth factors. The use
of cultures enables replication with long-term cell main-
tenance. In Group 3 it was injected bone marrow cells
suspension containing a pool of hematopoietic and non-
hematopoietic lineage including stem cells and mesench-
ymal stromal cells. Adult stem cells are rare and nearly 1
in 10,000 to 15,000 cells in the bone marrow is a hemato-
poietic stem cell [43]. In Group 4 bone marrow mesench-
ymal stromal cells was implanted but it is not clear if
such stromal cells could be classified as stem cells or pro-
genitor cells. In fact to characterize the cellular lineage in
v i t r o ,ap o p u l a t i o no fp u r es t e mc e l l sf r o mb o n em a r r o w
should be isolated and a reproductive cloning and expan-
sion should be done in culture dishes to induce the dif-
ferentiation of bone marrow stromal cells to osteoblastic
lineage. However it has been described at clonal level, a
progressive loss of stem features with increasing popula-
tion doubling in culture [7].
The associations among mesenchymal cells, bone
morphogenetic proteins and growth factors seem to
favor their use in the treatment of hard-healing bones
[30]. Seeking to prevent bias in the interpretation of
results, the use of osteoinductive substances such as
bone morphogenetic proteins was avoided because our
focus was the therapeutic potential of mesenchymal
stem cells.
Bone marrow cells suspension are considered the best
choice because, compared with cultures of bone marrow
mesenchymal stromal cells, that procedure is more cost
effective, can be more easily accomplished and requires
less time and less technical instrumentation [41].
Despite the use of heterologous cells in this experiment,
there was no need for any prior immunosuppressive
therapy. No sign of severe acute or chronic inflamma-
tion was observed in animals injected with bone marrow
cell suspensions. Besides, no mononuclear infiltration
that is characteristic of chronic immune-mediated
inflammation was observed in histopathological sections.
In general, the systemic vascular compartment is tar-
geted in the administration of stem cells for therapeutic
purposes [30]. These cells have chemotactic migratory
abilities to travel to injured areas; in addition, these cells
settle in the impaired areas. This feature is known as
homing [12]. Nevertheless, many of these cells are initi-
ally retained in the lung and the liver [30]. Thus, we
administered the bone marrow cells directly into the
lesion after the surgical release of fibrosis and medullary
recanalization. The location of such cells was confirmed
by scintigraphic examinations.
In Group 3, there was bone consolidation within 60
days after the administration of bone marrow cells sus-
pension. This result was also partially observed within 90
days in Group 4 animals, which were treated with cul-
tures of stromal cells, and there was an intense periosteal
reaction. Clinical examinations, imaging studies and his-
tomorphometric analyses confirmed these findings
endorsing the best efficacy of the cells in suspension.
In a fracture pseudarthrosis model involving rats,
Nakamura and colleagues conducted a therapeutic study
of the effect of the transplantation of a single layer of
bone marrow cells cultured in a medium containing
dexamethasone and ascorbic acid phosphate. Radio-
graphs and histological analyses were performed at 2, 4
and 8 weeks, while ultrasound and biomechanical ana-
lyses were performed eight weeks postoperatively. In the
group with stromal cells, radiographs and histological
sections demonstrated the formation of callus areas
around the fracture site. In contrast, the control group,
which did not receive the transplantation, exhibited
pseudarthrosis of the femur. These authors concluded
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to the reconstruction of bone tissues in cases of pseu-
darthrosis, bone defects and osteonecrosis [32]. Our
study examined a greater interval, 12 weeks after the
administration of bone marrow cells suspension stimu-
lated complete bone healing in rats with hypertrophic
pseudarthrosis, whereas cultures of bone marrow
mesenchymal stromal cells were less effective. The bio-
mechanical analyses of animals in Group 3 indicated a
significant and early recovery with regard to the walking
capacity of rats.
Considering the high socioeconomic costs resulting
from the inability to work, the development of disabil-
ities that result from pseudarthrosis, and the lack of
consensus regarding the best treatment of pseudarthro-
sis, bone marrow cells suspension therapy seems to be a
promising option. Further studies that examine the
administration of these cells by less invasive means or
even with a specific lineage of stem cells expanded in
cultures are needed for the purpose of delineating their
therapeutic applicability in pseudarthrosis in human
beings to achieve more favorable treatment outcomes.
Conclusions
Bone marrow cells suspension appear to be more effec-
tive in the treatment of pseudarthrosis than cultures of
bone marrow mesenchymal stromal cells because they
seemingly contribute to the successful bone remodeling
and reduce recovery times.
Acknowledgements
This work was supported by FAPERJ and CNPq. We thank Professor Maria
Isabel Doria Rossi for the efforts in obtaining the bone marrow
mesenchymal stem cells, Professor José Mauro Granjeiro, INMETRO, Xerén,
RJ, and Department of Molecular and Cellular Biology, Fluminense Federal
University (UFF), Niteroi, RJ for helping in the histomorphometric procedures,
Professor Andréa Rodrigues Cordovil Pires, Department of Pathology, UFF,
Niteroi, RJ, Brazil for her help with histopathology and Professor Sergio
Augusto Lopes de Souza, Laboratory of Cell and Molecular Tagging
Clementino Fraga Filho University Hospital, Federal University of Rio de
Janeiro
Author details
1Post-graduate Program in Surgical Sciences, Department of Surgery, School
of Medicine, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil.
2Center of Experimental Surgery, Department of Surgery, School of Medicine,
Federal University of Rio de Janeiro, Rio de Janeiro, Brazil.
3Post-graduate
Program in Morphological Science, Biomedical Science Institute, Federal
University of Rio de Janeiro, Rio de Janeiro, Brazil.
4FAPERJ-Fundação Carlos
Chagas Filho de Amparo à Pesquisa do Rio de Janeiro, Rio de Janeiro, Brazil.
5National Council for Scientific and Technological Development - CNPq,
Brasília, Brazil.
6Centro de Cirurgia Experimental-CCS, Avenida Carlos Chagas
Filho 373, Bloco J, 2° andar, Cidade Universitária, Ilha do Fundão, Rio de
Janeiro 21941-902, Brazil.
Authors’ contributions
MLF made substantial contributions to the acquisition, analysis and
interpretation of acquired data. He also developed the experimental model
and was involved in drafting the manuscript. PCS participated in the in vivo
experimental model and made substantial contributions to the design of
the study. LHAS helped with the elaboration of the animal experimental
model. DCB helped with the preparation and acquisition of the stem cells
and also wrote the protocol for the preparation of the stem cells. MIDR
contributed to the design and scientific background of cell-based therapy
protocol, helped with cell processing and culture and with the acquisition of
histopathological data. LCCMM helped with the elaboration of the animal
experimental model. CCE took care of the vivarium and controlled the entire
experimental environment for the duration of the experiment. AS made
substantial contributions to the conception and design of data acquisitions
and analyses and was involved in critically revising the manuscript as well as
providing the final approval of the version to be published. All authors read
and approved the final manuscript.
Authors’ information
MLF: Post-graduate student in Surgical Sciences, Department of Surgery,
School of Medicine, Federal University of Rio de Janeiro (UFRJ) and Assistant
Professor at State University of Santa Cruz, Bahia, Brazil
PCS: Associate Professor and Veterinarian at the Center of Experimental
Surgery, Surgical Department, School of Medicine of UFRJ, Brazil
LHAS and LCCMM: Undergraduate student, School of Medicine, UFRJ, Brazil
DCB: Post-graduate student, Laboratory of Cellular Biology, UFRJ, Brazil
CCE: Veterinarian and scholar at Carlos Chagas Filho Research Support
Foundation - FAPERJ, Rio de Janeiro, Brazil
AS: Full Professor and Coordinator at the Center of Experimental Surgery
and the Post-graduate Program in Surgical Sciences, Department of Surgery,
School of Medicine, UFRJ. Researcher of FAPERJ and the National Council for
Scientific and Technological Development) - CNPq, Brazil
Competing interests
The authors declare that they have no competing interests.
Received: 14 November 2011 Accepted: 20 March 2012
Published: 20 March 2012
References
1. Helfet DL, Kloen P, Anand N, Rosen HS: Open reduction and internal
fixation of delayed unions and nonunions of fractures of the distal part
of the humerus. J Bone Joint Surg Am 2003, 85-A(1):33-40.
2. Dimitriou R, Tsiridis E, Giannoudis PV: Current concepts of molecular
aspects of bone healing. Injury 2005, 36(12):1392-1404.
3. Selgaman KA, Clark GL: Un-united fractures of the distal radius: a report
of 12 cases. J Hand Surg 1998, 23(5):914-919.
4. Keating A: Mesenchymal stromal cells. Curr Opin Hematol 2006,
13(6):419-425.
5. van der Kooy D, Weiss S: Why stem cells? Science 2000,
287(5457):1439-1441.
6. Ohgushi H, Kitamura S, Kotobuki N, Hirose M, Machida H, Muraki K,
Takakura Y: Clinical application of marrow mesenchymal stem cells for
hard tissue repair. Yonsei Med J 2004, 45:61-67.
7. Cancedda R, Bianchi G, Derubeis A, Quarto R: Cell therapy for bone
disease: a review of current status. Stem Cells 2003, 21(5):610-619.
8. Owen M: Marrow stromal stem cells. J Cell Sci Suppl 1988, 10:63-76.
9. Ferreira ML, Silva PC, Pereira Lde P, Franco RS, Mello NB, Amaral AC,
Schanaider A: Experimental model in rats for the development of
pseudoarthrosis. Rev Col Bras Cir 2009, 36(6):514-518.
10. Muzzi LAP, Rezende CMF, Muzzi RAL, Borges NF: Ruptura do Ligamento
cruzado cranial em cães: fisiopatologia e diagnóstico. Clin Vet 2003,
46(1):32-42.
11. Gutfilen B, de Souza SA Lopes, Martins FP, Cardoso LR, Pinheiro Pessoa MC,
Fonseca LM: Use of 99mTc-mononuclear leukocyte scintigraphy in
nosocomial fever. Acta Radiol 2006, 47(7):699-704.
12. Aggarwal S, Pittenger MF: Human mesenchymal stem cells modulate
allogeneic immune cell responses. Blood 2005, 105(4):1815-1822.
13. Lirani APR, Lazaretti-Castro M: Evidências da ação de agentes físicos sobre
o metabolismo do tecido ósseo e seus potenciais usos clínicos. Arq Bras
Endocrinol Metabol 2005, 49(6):891-896.
14. Beresford JN: Osteogenic stem cells and the stromal system of bone and
marrow. Clin Orthop Relat Res 1989, 240:270-280.
15. Carvalho DC, Rosim GC, Gama LO, Tavares MR, Tribioli RA, Santos IR,
Cliquet A Jr: Non-pharmacological treatments in the stimulation of
osteogenesis. Rev Saude Publica 2002, 36(5):647-654.
Ferreira et al. Journal of Translational Medicine 2012, 10:51
http://www.translational-medicine.com/content/10/1/51
Page 9 of 1016. Hoffmeister BK, Johnson DP, Janeski JA, Keedy DA, SteInert BW, Viano AM,
Kaste SC: Ultrasonic characterization of human cancellous bone in vitro
using three different apparent backscatter parameters in the frequency
range 0.6-15.0 mhz. IEEE Trans UFFC 2008, 55(7):1442-1452.
17. Mantilla ER: Injertos óseos intramedulares a distancia en seudoartrosis.
Rev Cubana Ortop Traum 1997, 1(2):56-60.
18. Pepper MS: Cell-based therapy-navigating troubled waters. S Afr Med J
2010, 100(5):286-288.
19. Fehere C, Lepperdinger G: Mesenchymal stem cell aging. Exp Gerontol
2005, 40(12):926-930.
20. Friedenstein AJ, Piatetzky Shapiro II, Petrakova KV: Osteogenesis in
transplants of bone marrow cells. J Embryol Exp Morphol 1966,
16(3):381-390.
21. Russel G, Tucci M, Conflitti J, Graves M, Wingerter S, Woodall J Jr, Rabag A,
Benghuzzi H: Characterization of a femoral segmental nonunion model
in laboratory rats: report of a novel surgical technique. J Invest Surg 2007,
20(4):249-255.
22. Kokubu T, Hak DJ, Hazelwood SJ, Reddi AH: Development of an atrophic
nonunion model and comparison to a closed healing fracture in rat
femur. J Orthop Res 2003, 21(3):503-510.
23. Ferreira ML, Matusin DP, Machado CB, Silva PC, Mello NB, Amaral AC,
Franco RS, Pereira WC, Schanaider A: Characterization of pseudarthrosis
with ultrasound backscattered signals in rats. Acta Cir Bras 2010,
25(1):13-17.
24. Mashiba T, Iwata K, Komatsubara S, Manabe T: Animal models for bone
and joint disease. Animal fracture model and fracture healing process.
Clin Calcium 2011, 21(2):235-241.
25. Holstein JH, Garcia P, Histing T, Kristen A, Scheuer C, Menger MD,
Pohlemann T: Advances in the establishment of defined mouse models
for the study of fracture healing and bone regeneration. J Orthop
Trauma 2009, 23(5 Suppl):S31-S38.
26. Hietaniemi K, Peltonen J, Paavolainen P: An experimental model for non-
union in rats. Injury 1995, 26(10):681-686.
27. Mehta M, Schell H, Schwarz C, Peters A, Schmidt-Bleek K, Ellinghaus A,
Bail HJ, Duda GN, Lienau J: A 5-mm femoral defect in female but not in
male rats leads to a reproducible atrophic non-union. Arch Ortho Trauma
Surg 2011, 131(1):121-129.
28. Kaspar K, Matziolis G, Strube P, Sentürk U, Dormann S, Bail HJ, Duda GN: A
new animal model for bone atrophic nonunion: fixation by external
fixator. J Orthop Res 2008, 26(12):1649-1655.
29. Volpon JB: Nonunion using a canine model. Arch Orthop Trauma Surg
1994, 113(6):312-317.
30. Kumar S, Wan C, Ramaswamy G, Clemens TL, Ponnazhagan S:
Mesenchymal stem cells expressing osteogenic and angiogenic factors
synergistically enhance bone formation in a mouse model of segmental
bone defect. Mol Ther 2010, 18(5):1026-1034.
31. Long MW: Osteogenesis and bone-marrow-derived cells. Blood Cells Mol
Dis 2001, 27(3):677-690.
32. Nakamura A, Akahane M, Shigematsu H, Tadokoro M, Morita Y, Ohgushi H,
Dohi Y, Imamura T, Tanaka Y: Cell sheet transplantation of cultured
mesenchymal stem cells enhances bone formation in a rat nonunion
model. Bone 2010, 46(2):418-424.
33. Herberts CA, Kwa MS, Hermsen HP: Risk factors in the development of
stem cell therapy. J Transl Med 2011, 9:29.
34. Carano RAD, Filvaroff EH: Angiogenesis and bone repair. Drug Discov
Today 2003, 8(21):980-989.
35. Kanczler JM, Oreffo RO: Osteogenesis and angiogenesis: the potential for
engineering bone. Eur Cell Mater 2008, 15:100-114.
36. Mullins MM, Davidson AW, Goodier D, Barry M: The biomechanics of wire
fixation in the Ilizarov system. Injury 2003, 34(2):155-157.
37. Iida J, Yoshikawa T, Akahane M, Ohgushi H, Dohi Y, Takakura Y,
Nonomura A: Osteogenic potential of cultured bone/ceramic construct:
comparison with marrow mesenchymal cell/ceramic composite. Cell
Transplant 2004, 13(4):357-365.
38. Bielby R, Jones E, McGonagle D: The role of mesenchymal stem cells in
maintenance and repair of bone. Injury 2007, 38(Suppl 1):S26-S32.
39. Jones E, Yang X: Mesenchymal stem cells and bone regeneration: current
status. Injury 2011, 42(6):562-568.
40. Kraus KH, Kirker-Head C: Mesenchymal stem cells and bone regeneration.
Vet Surg 2006, 35(3):232-242.
41. Lucarelli E, Donati D, Cenacchi A, Fornasari PM: Bone reconstruction of
large defects using bone marrow derived autologous stem cells. Transfus
Apher Sci 2004, 30(2):169-174.
42. Connolly JF, Guse R, Lippiello L, Dehne R: Development of an osteogenic
bone-marrow preparation. J Bone Joint Surg Am 1989, 71(5):684-691.
43. Weissman IL: Stem cells: units of development, units of regeneration,
and units in evolution. Cell 2000, 100(1):157-168.
doi:10.1186/1479-5876-10-51
Cite this article as: Ferreira et al.: Heterologous mesenchymal stem cells
successfully treat femoral pseudarthrosis in rats. Journal of Translational
Medicine 2012 10:51.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Ferreira et al. Journal of Translational Medicine 2012, 10:51
http://www.translational-medicine.com/content/10/1/51
Page 10 of 10